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Modular Allosterism in Potassium Channels
Daniel M. Sigg, Riccardo Olcese.
Allosteric interactions in ion channels serve to sharpen the control of environmen-
tal influences on conductance. We investigated the thermodynamic and kinetic
properties of a multi-allosteric Kþ channel model possessing three distinct regu-
latory sites on each of four homologous subunits. Each site was characterized
by a bistable free energy landscape with equilibrium constant J,K, or P that was
sensitive to a particular environmental variable, as well the activation state of
neighboring domains (see figure). The P domain comprising the central pore do-
main was defined by strong nearest-neighbor interactions that, combined with
a counter-balancing bias in P, raised the energy and significantly shortening the
dwell times of subconductance states. The mean number of activated regulatory
sites was derived from the partition function through linkage analysis. A number-
ing schemebased onsubunit occupancies
of the 23 single-subunit activation states
generated 330 energetically distinct
kinetic states. Solutions to the rate equa-
tions simulated unique features attributed
to different voltage-dependent Kþ chan-
nels (for example, intermediate pore acti-
vation states in the BK channel, and the
rising phase and relationshipwith activa-
tion charge displacement observed in
Shaker gating currents), supporting the
feasibility of using a modular allosteric
approach to Kþ channel activation.3150-Pos Board B255
Voltage Sensor Deactivation Inhibits BK Channel Opening by Mg2D
Ren-Shiang Chen, Yanyan Geng, Karl L. Magleby.
Functional and structural studies suggest that intracellular Mg2þ activates BK
channels through interaction with the voltage-sensing domain (Yang et al. 2007,
2008; Horrigan &Ma 2008; Yuan et al. 2010;Wu et al. 2010). To further explore
the mechanism of activation of BK channels by Mg2þ through the low affinity
E374/E399 Mg2þ sites located beneath the voltage sensors, we use single-
channel analysis to study BK channels mutated to remove the high affinity Ca2þ
sites.We find that 10mMMg2þ shortens the latency to first channel opening after
a voltage jump to þ100 mV from 100 mV, consistent with the hypothesis that
Mg2þ can bind to the closed channel and shorten the latency. However, it is not
clear whether the closed-channel binding occurs when the voltage sensors are de-
activated (down) or activated (up). We therefore recorded single-channel activity
in macro-patches held at constant 50 mV, where voltage sensors occasionally
activate. Under this condition, 10 mM Mg2þ decreases mean closed duration
and increases mean open duration. These effects are attenuated at 100 mV,
and become negligible at150 mV, where the voltage sensors are mainly deacti-
vated. For BKchannelsmodified to have deactivated voltage-sensors (R167E), 10
mMMg2þ has little effect onmean closed and open durations at50mV. In con-
trast, for BK channels modified to have constitutively activated voltage sensors
(R210C), 10 mM Mg2þ shortens the mean closed durations and lengthens the
mean open durations at 200 mV. The above observations are consistent with
a model in which voltage sensor deactivation inhibits BK channel opening by
Mg2þ. Supported by NIH grant AR32805 and AHA 10POST4490012.
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Influence of Hydrophobic Residues on BK Channel Gating
Guido Gessner, Toshinori Hoshi, Stefan H. Heinemann.
Large-conductance calcium- and voltage-activated potassium (Slo1BK) channels
participate in the control of vascular tone and neurotransmitter release.A neuronal
splice variant ofBKchannelswith altered sequence in theS6/RCK1 linker exhibits
increased open probability in 100 mM calcium at 150 mV (PoC) compared to
‘‘wild-type’’ BK channels (Soom et al. 2008, Channels 2:278-282). To identify
amino-acid residues underlying this notable change in gating behavior, we ex-
pressed wild-type and mutant human Slo1 BK channels in HEK 293 cells and an-
alyzed their calcium- and voltage-dependent gating in the inside-out configuration
of the patch-clamp technique. Mutation G327L, located in the linker connecting
the S6 helix to RCK1, most strongly increased PoC from 0.02 to 0.24. Systematic
substitution at that site revealed that hydrophobicity is most important for channel
opening at low voltages. PoC for G327F and G327Y were 0.19 and 0.01, respec-
tively; addition of a single hydroxyl group (‘‘F327Y’’) decreasedPoCby0.18.The
same change in hydrophobicity bymutationF315YwithinS6has qualitatively op-
posite effects (Lippiat et al. 2000, J Physiol 529:131-138). Phenylalanine scanning
mutagenesis of the S6/RCK1-linker region revealed that themutationK330Fmost
strongly increasedPoC toaround0.5. Introductionof anadditional hydroxyl group
at this site (‘‘F330Y’’) decreased PoC by 0.37 down to 0.13. We conclude thathydrophobicity within the S6/RCK1-linker region is a critical determinant of
the calcium-dependent gating.
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Voltage-Dependent Inactivation Gating at the Selectivity Filter of the
MthK KD channel
Andrew S. Thomson, Brad S. Rothberg.
Voltage-dependent Kþ channels can undergo a gating process known as C-type
inactivation, which involves entry into a non-conducting state through conforma-
tional changes near the channel’s selectivity filter. Here we report on a form of
voltage-dependent inactivation gating observed in MthK, a prokaryotic Ca2þ
-gated Kþ channel. In single-channel recordings, we observe that Po decreases
with depolarization, with a half-maximal voltage of 965 3mV. This gating is ki-
netically distinct fromblockade by internalCa2þ orBa2þ, suggesting itmayarise
from an intrinsic inactivation mechanism. Inactivation gating was shifted toward
more positive voltages by increasing external [Kþ] (47mVper 10-fold increase in
[Kþ]), suggesting that Kþ binding at the extracellular side of the channel stabi-
lizes the open-conductive state. The open-conductive state was stabilized by other
external cations, and selectivity of the stabilizing site followed the sequence:
Kþ z Rbþ > Csþ > Naþ > Liþ z NMGþ. Selectivity of the stabilizing
site is weaker than that of sites that determine permeability of these ions, suggest-
ing that the site may lie toward the external end of the MthK selectivity filter. We
could describe MthK gating over a wide range of positive voltages and external
[Kþ] using kinetic schemes in which the open-conductive state is stabilized by
Kþ binding to a site that is not deep within the electric field, with the voltage-
dependence of inactivation arising from both voltage-dependent Kþ dissociation
and transitions between non-conducting (inactivated) states. These results provide
a quantitative working hypothesis for voltage-dependent, Kþ-sensitive inactiva-
tion gating, a property that may be common to other Kþ channels.
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C. Elegans Slo-2b uses its RCK1 Domain as a Ca2D Sensor and does not
Exhibit Cl- Dependence
Zhe Zhang, Qiong-Yao Tang, Diomedes E. Logothetis.
Slo-2 channels play an important role in the adaption of neuronal firing rates and
have been implicated in protection against ischemia. Slo-2 channels belong to
the family of high-conductance potassium channels but their gating mechanism
is unique and has been reported to exhibit species differences. The rat Slo2
(Slack) channel is activated by Naþ and Cl-, whereas the C.elegans Slo-2a has
been reported to be sensitive to Ca2þ and Cl-. Here, we report isolation of a novel
isoformof theC. elegans channel Slo-2b (F08b12.3c) thatwas cloned fromESTs
(YK1522e1, YK1193) of C.elegans, which has a distinct N-terminal region (by
18 amino acids) compared to the previously reported Slo-2a (F08b12.3b) (Yuan
et al, 2000). This new clone shows voltage- andCa2þ-activatedmacroscopic cur-
rents when expressed in Xenopus oocytes. We find that the C. elegans Slo-2b
channel isoform exhibits a unitary conductance consistent with Slo-2a but it is
not activated byCl-. Furthermore, the current characteristics of Slo-2b can be de-
scribed well by the Horrigan-Aldrich model, which had been developed to de-
scribe Slo1 current properties. Mutagenesis screening revealed that the Slo-2b
channel with mutation of a critical Glu residue in the RCK1 domain largely con-
trols Ca2þ sensitivity. In contrast, mutations of negatively charged residues
around the region corresponding to the Naþ sensitive site of Slack channels in
the RCK2 domain do not affect Ca2þ sensitivity of the Slo-2b channel. Thus,
we conclude that the Ca2þ sensor of the Slo-2b in the RCK1 domain is largely
sufficient to confer Ca2þ-sensitivity to the Slo-2b channel isoform.
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An Epilepsy/Dyskinesia-Associated Mutation in BK Channel Enhanced
Channel-PIP2 Apparent Affinity
Qiong-Yao Tang, Zhe Zhang, Vasileios I. Petrou, Diomedes E Logothetis.
Large conductance, Ca2þ- and voltage-gated BK (Slo1) channels are critical for
neuronal functions. A previous study has shown that BK channels are regulated
by membrane phosphatidylinositol 4,5-bisphosphate (PIP2). However, the
mechanism of such regulation remains largely unknown. Here we show that
an Asp-to-Gly mutation (D369G) associated with the human syndrome of gen-
eralized epilepsy and paroxysmal dyskinesia (GEPD) enhanced channel-PIP2
sensitivity in BK channels. With 106 mM Ca2þ in the bath, the inside-out patch
G-V curve of D369G was leftward shifted by ~ 28mV, suggesting enhanced
channel activity for the mutated channel. Following depletion of endogenous
PIP2 by poly-lysine, PIP2 activated D369G in a dose- and voltage-dependent
manner. The EC50 for diC8-PIP2 activation of D369G decreased ~4-fold com-
pared to the WT channel, suggesting an enhanced channel-PIP2 interaction.
Structural models of the BK channel place D369 near the membrane, where
it could interact directly with PIP2. To study the mechanism of BK channel reg-
ulation by PIP2, we also used neomycin, a polycation that binds PIP2, as an in-
direct assay of channel-PIP2 affinity. We tested whether the D362G and D367G
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cated closely to D369, also affected channel-PIP2 affinity. Our results show that
the IC50 values for neomycin effects on both D362G and D367G were largely
decreased (~100-fold), indicating that the mutations weakened channel-PIP2 in-
teraction. In contrast, the D369G mutation increased the IC50 for neomycin in
a voltage-dependent manner, suggesting an enhanced channel-PIP2 interaction.
Taken together, these results suggested that mutation of the negatively charged
residues D362 and D367, which lowers Ca2þ affinity, also decreases channel-
PIP2 affinity, while the mutant D369G, which increases Ca
2þ affinity also en-
hanced channel-PIP2 interaction. Thus Ca
2þ and PIP2 affinities are interrelated
down to the single site interaction level.
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Structure-Function Studies of the Large Conductance Voltage-and
Calcium-Activated Potassium Channel BETA1 Auxiliary Subunit
Bin Wang, Aleksandra Gruslova, Iurii Semenov, Robert Brenner.
BK channels are large conductance, voltage- and calcium-activated potas-
sium channels. In smooth muscle, these channels maintain a polarized neg-
ative membrane potential and therefore deactivate calcium influx through
voltage-gated calcium channels and reduce contraction. The smooth
muscle-specific auxiliary b1 subunit confers increased BK opening and there-
fore plays an essential role in limiting smooth muscle contraction. b1 has at
least two opposing gating effects: reducing intrinsic opening and stabilizing
voltage-sensor activation. The goal of this research was to identify residues
and structural domains that mediate these gating effects. Here, we performed
an Alanine-scanning mutagenesis of b1 residues identical between b1, b2
and b4 based on the assumption that functionally important residues are
likely to be conserved among family members. Effects of the Alanine mu-
tants were categorized based on steadystate and kinetic effects on gating at
60, 4 micromolar and nominal 0 calcium. We found that 17 mutants display
moderate or no effects at all calcium. 10 Class I mutants reduce
conductance-voltage shifts at both high and nominal 0 calcium. Interestingly,
all Class I residues are non-polar, and reside in the extracellular loop. This
suggests that extracellular key residues may promote opening by providing
a non-polar environment to the activated voltage senor. The only Class II
mutant, G171A, abolished b1’s ability in reducing opening in the absence
of calcium. This suggests that G171 plays a critical role in reducing intrinsic
opening. Finally, the mutagenesis data suggests that 2 evolutionarily con-
served Cysteine pairs and their disulfides may play an important role in
the extracellular b subunit structure. Combining single and double mutations,
we found that the two amino acid pairs C53-C135 and C76-C103, may serve
to form disulfide bonds that bring key extracellular Class I residues in close
approximation.
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Investigation of BK Channel Gating using Mallotoxin
Janos Almassy, Ted Begenisich.
While large-conductance, BK Kþ channels are activated by both voltage and by
Ca2þ in the microM range, the channels can be activated by voltage even in the
absence of Ca2þ. BK channel b-subunits, several chemicals, and mutations can
shift voltage activation toward more hyperpolarized potentials but in a rather
complex manner. In contrast the accessory protein leucine-rich repeat contain-
ing protein 26 (LRRC26) and mallotoxin each appears to produce a simple
shift. We have investigated the functional basis for the gating shift produced
by mallotoxin in the absence and presence of the LRRC26 protein in the con-
text of the Horrigan-Aldrich (HA) model. In the absence of intracellular Ca2þ,
we found that, in addition to a hyperpolarizing shift of BK activation, mallo-
toxin produced a large, hyperpolarizing shift of channel activation kinetics.
This result suggests that a major action of mallotoxin is to sensitize the BK
channel voltage sensors. We also found that the degree of gating shift of mal-
lotoxin was significantly decreased when co-expressed with the LRRC26 pro-
tein or in native parotid acinar cells that endogenously express this accessory
protein. These results suggest that there is limit to the degree of sensitization
of the BK channel voltage sensors.
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Cholesterol Regulates the Basal Functions and Ethanol Sensitivity of Large
Conductance, Ca2D-Sensitive KD channel through Specific Cholesterol-
Protein Interaction
Chunbo Yuan, Steven N. Treistman, Douglas F. Covey, Maohui Chen,
Linda J. Johnston.
Membrane cholesterol plays an important role in regulation of a variety of ion
channels and in maintaining the normal functions of cell membranes. The
mechanism underlying this influence on ion channels, however, remains poorlyunderstood. Cholesterol can act on ion channel proteins through either: 1) direct
interaction with the protein, or 2) indirect effects on the biophysical properties
of lipid bilayer. To differentiate between these alternatives, we used a synthe-
sized enantiomer of cholesterol (ent-CHS). Enantiomeric forms of cholesterol
have been used in the study of cholesterol-protein interaction, based upon the
assumption that the effect on the lipid bilayer will be identical to that of natural
cholesterol (nat-CHS), steric interaction directly with the protein will be abol-
ished. We employed planar bilayer recording techniques to study the interac-
tion of nat-CHS and ent-CHS with the large conductance, calcium-sensitive
potassium channel (BK) in lipid bilayers of POPE/POPS (3/1, weight) and
DOPE/SPM (3/2, weight), and examined how the presence of nat-CHS and
ent-CHS affected the basal function and ethanol sensitivity of the BK channel.
We found that ent-CHS increased BK channel conductance in both lipid bila-
yers similarly to that of nat-CHS. However, they are strikingly different in their
effects on BK channel gating and ethanol sensitivity. In the POPE/POPS bila-
yer, nat-CHS dramatically reduced the open probability (Po) while ent-CHS did
not. Both ent-CHS and nat-CHS reduced the ethanol sensitivity of the BK chan-
nel, but ent-CHS did so to a lesser extent. In the DOPE/SPM bilayer, nat-CHS
dramatically changed the ethanol response of BK, depending on cholesterol
concentration in the membrane. However, ent-CHS had little effect on ethanol
sensitivity. We conclude that membrane cholesterol has a specific interaction
with the BK channel that can directly influence ethanol’s actions.
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The Slo1 C-Tail Domain Confers Cholesterol-Sensitivity to Arterial
Smooth Muscle BK Channels
Aditya K. Singh, Anna N. Bukiya, Alejandro M. Dopico.
Large conductance, voltage- and calcium-gated potassium (BK) channels are
known to cluster in cholesterol-rich cell membrane domains. Furthermore,
cholesterol-BK channel interaction usually results in reduced channel activity
(Po), as reported with native (Bolotina et al., 1989) and recombinant (Crowley
et al., 2003) channels. We previously communicated that cholesterol-
inhibition of BK channels cloned from rat cerebral artery myocytes (cbv1;
AY330293) and reconstituted into POPE:POPS (3:1) bilayers displayed enantio-
specificity and stereoselectivity, strongly suggesting that the decrease in Po in-
volved cholesterol-recognition by a protein surface (Bukiya et al., Biophys.
Soc. 2010). Using a similar system, we now demonstrate that cholesterol (16-
33 mol%) inhibition of cbv1 channels is similar whether the channel is open
by positive voltage or increased intracellular calcium, suggesting that the
cholesterol-protein(s) interaction leads to altered channel function indepen-
dently of the signal that gates the channel. Because the channel phenotype was
characteristic of homomeric slo1, we hypothesize that regulation of BK gating
by cholesterol involves an interaction between the steroid and the cbv1 subunit.
One of the motifs that favors cholesterol-protein interactions is CRAC: -L/V-
(X)(1-5)-Y-(X)(1-5)-R/K-, where X denotes any residue (Epand, 2008). We
used CRAC sequence patterning and found ten CRAC motifs in cbv1, three
in the core (S0-S6) and seven in the C-tail (S7-C end) domain. Thus, we
next evaluated the cholesterol sensitivity of cbv1 channels truncated immedi-
ately after S6 (trS6cbv1). Remarkably, trS6cbv1 was consistently resistant to
cholesterol-induced modulation (n=11) under conditions where wt cbv1 re-
mained sensitive. Therefore, the C-tail domain confers cholesterol-sensitivity
to cbv1 channels. We are currently using a combination of computational dy-
namics, sequential cbv1 truncation, and point mutagenesis in CRAC motifs to
determine the relative contribution, if any, of these motifs to the cholesterol-
sensitivity of BK channels.
Support: HL104631 (AMD), UTHSC Neurosci. Postdoc. Fellowship (AKS).
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A Functional Analysis of NaK at the Single Channel Level
Raymond W. Bourdeau, Valeria Vasquez, Julio F. Cordero-Morales,
Eduardo Perozo.
NaK is a non-selective monovalent cation channel from Bacillus cereus. De-
spite being unable to discriminate between Naþ and Kþ, NaK shows high se-
quence similarity to other Kþ channels. Based on recently solved crystal
structures in the closed and putatively open state, NaK exhibits an overall ar-
chitecture similar to that found in the pore domain of tetrameric Kþ channels.
Rbþ influx studies suggest the channel conducts cations, however net flux is un-
usually low for a channel. The absence of electrophysiological data from NaK
precludes significant understanding of it’s functional behavior. Using a random
mutagenesis approach together with a Kþ transport based screen, we have iden-
tified gain-of-function mutants in an attempt to develop a system for electro-
physiological studies. One of these purified and reconstituted mutants was
further studied by liposome patch-clamp. The channel displays non-selective
conductances at 25 and 91 pS and is characterized by a low probability spiking
